ABSTRACT This paper examines the diversity technology based on the vortex wave in wireless communication. Because the modes of orbital-angular momentum (OAM) carried by the vortex wave are orthogonal to each other, the signals received by the vortex wave antenna with multiple different OAM modes can be more independent of each other in the rich scattering environment. In this paper, the correlation of the signals received through multiple different OAM modes is analyzed under three typical channels. The results show that the OAM modes can be applied for diversity in wireless communication and can reduce spatial correlation. The comparison of the output bit-ratio-error (BER) performance between the vortex-wave-based diversity and the conventional space diversity is given with the different combining schemes. When the max-ratio-combination is used, the output BER of the vortex-wave-based diversity is equal to that of the conventional space diversity. The vortex wave offers an alternative diversity method. This application can avoid the vortex wave's shortcoming of the range limit in the wireless communication.
I. INTRODUCTION
Vortex waves in radio frequency have become a research hotspot in recent years. Compared with the plane wave, the equal phase surface of the vortex wave is a vortex. The vortex wave has orbital angular momentum (OAM) with different topological charges [1] , [2] . One topological charge corresponds to one mode, and many orthogonal OAM modes are carried by the vortex wave. The signals can be modulated with these orthogonal OAM modes for transfer from one place to another. Therefore, the capacity of wireless communication can be increased. This technology has been adopted in optical communication to increase the channel capacity [3] - [5] . In recent years, efforts have been made to adopt this technology in radio frequency [6] . For application of the vortex wave in radio frequency, it is necessary above all to generate the vortex wave in the radio frequency. Researchers have presented many methods to generate the vortex wave in the radio frequency. These generation methods include the uniform circular antenna array (UCAA), spiral phase plate, and spiral reflector, among others [7] - [10] . Experiments have been conducted to validate the increase in the channel capacity [11] .
Nevertheless, the real advantage of the vortex wave in radio frequency is still a topic of discussion [12] , [13] . The main difficulty in application of the vortex wave in wireless communication is the range limit [14] . For long-distance wireless communication, orthogonality requires a large-scale line integral around the propagation axis [14] , which needs receiving units distributed in a large-scale circle. It is impossible to meet this requirement, and hence, the orthogonality of the OAM is difficult to be applied in long-distance wireless communication. However, the analysis is based on the line-ofsight (LOS) situation. In practice, non-line-of-sight (NLOS) is a more common situation in the wireless channel. The NLOS channel is usually a scattering channel, which causes fading. In a rich scattering environment, the orthogonality of OAM can still be applied in long-distance wireless communication. This paper applies the orthogonality of the OAM carried by the vortex wave to achieve independent branches for diversity in the receiving end. polarization diversity [17] . Space diversity commonly uses two or more antennas to achieve independent branches and obtain better signal-to-noise ratio (SNR) by combining the signals from these independent branches. In addition to these conventional methods, it is also presented here that independent branches based on different OAM modes can be achieved in the rich scattering environment.
The vortex wave with the lth mode of OAM can be expressed as follows [2] E(r, θ, ϕ, |l) = f (r|l)w(θ |l) exp(−jkr) exp(jlϕ)e p (1) where f and w are functions of r, θ respectively for the lth mode, and e p is the polarization direction of the field.
The correlation of the scattering wave received by the vortex wave antenna with multiple OAM modes is analyzed under three typical wireless channels as follows.
A. OMNIDIRECTIONAL CHANNEL IN SOLID SPACE
To investigate the correlation of signals received through different OAM modes, the scattering environment is set using abundant of random scatterers locating on the spherical surface around the receiver, as shown in Fig. 1 . The receiver is located at the center of the sphere. The scatterers are independent of each other. According to the superposition of the scattering field, the signal received through the lth OAM mode can be expressed as follows:
where A is a real constant, γ (θ, ϕ) is the scattering characteristics of the scatterers, (r, θ, ϕ) are the coordinates of the scatterer, α is the amplitude and β is the phase of γ (θ, ϕ), where α and β are random variables, β satisfies the uniform distribution in [0, 2π ] , and α is independent of β.
The correlation of the signals received through the lth mode and the hth mode (l = h) is expressed as follows (4), as shown at the bottom of this page, where E() indicates the ensemble average, and Re() is the real component. The scatterers are independent of each other. Thus, if (θ, ϕ) = θ , ϕ , then
and if (θ, ϕ) = θ , φ , then
It's assumed that E α 2 (θ, ϕ) is a constant of ϕ for omnidirectional model. Thus, based on (5)(6), it can be obtained that
And using a similar derivation process, the following can also be obtained
where Im() is the imaginary component and means that the signals received through the lth mode and the hth mode are uncorrelated with each other. Because there are abundant of random scatterers, the channel can be regards as a Rayleigh fading channel. For a Rayleigh fading channel, the real component and the imaginary component of the received signal satisfy the Gaussian distributions. Thus, Re (s l ), Re (s h ), Im (s l ) and Im (s h ) are independent of each other. Therefore, |s l | and |s h | are independent of each other and can be used for diversity to address fading.
B. OMNIDIRECTIONAL CHANNEL IN HORIZONTAL PLANE
There are abundant of random scatterers which are locating on the circle in the horizontal plane, as shown in Fig. 2 . The receiver is located at the center of the circle. The scatterers are independent of each other and their scattering fields have the same probability density functions. It is a special Clarke's model [18] . The correlation of the signals received through the lth mode and the hth mode (l = h) is expressed as follows:
With the similar analysis procedure as the above, it can be obtained that Re (s l ) is independent of Re (s h ). Im (s l ) and Im (s h ) are independent of each other also. Then Re (s l ), Re (s h ), Im (s l ) and Im (s h ) are independent of each other. Therefore, |s l | and |s h | are independent of each other and can be used for diversity to address fading.
C. TWO-WAVE CHANNEL
There are scattered waves by two separated scatterers [19] , as shown in Fig. 3 . For the receiver, the wave of the scatterer 1 is in the direction of (θ 1 , ϕ 1 ); the wave of scatterer 2 is in the direction of (θ 2 , ϕ 2 ). The amplitude and the phase of the scattering wave in the direction of (θ 1 , ϕ 1 ) are 1 and ψ 1 respectively. Those for the direction of (θ 2 , ϕ 2 ) are 2 and ψ 2 . According to the superposition of the scattering field, the signal received through the lth OAM mode can be expressed as follows:
where A is a constant. The correlation of the power of the signals received through the lth mode and the hth mode (l = h) is expressed as follows:
Because the two scattering waves are independent of each other, (11) can be rewritten as:
Therefore, the correlation coefficient of the received power can be expressed as:
Substituting (12)- (16) into (17), we can get
For the neighboring OAM modes, it is obtained that
It can be seen that χ p = 0 when ϕ 2 − ϕ 1 = π/2. This is because of the azimuth phase shift caused by vortex wave.
III. ESSENCE OF VORTEX-WAVE-BASED DIVERSITY
Vortex-wave-based diversity is a type of space diversity, in essence. Conventional space diversity with multiple antennas is based on the different positions of the antennas, whereas vortex-wave-based diversity is based on the different complex patterns (i.e., OAM modes). To compare the vortex-wavebased diversity and the conventional space diversity, diversity based on the vortex wave generated by UCAA is analyzed. The generating method by UCAA is based on the circular antenna array. The antennas are excited by a voltage with increasing initial phase around the circle. The units are uniformly located on a circle. The nth unit is excited by a voltage with initial phase nl 2π N , where l is the topological charge, and N is the number of units. An example of UCAA with N = 6 is depicted in Fig.4 . If the signal received by the nth unit alone with zero initial phase is denoted as p n (t), then the signal received through the lth OAM mode is written as follows:
The output of the combination of s l (t) can be expressed as follows:
where v (l) is the complex weighting factor. Substituting (20) into (21), the following can be obtained:
The combined output of vortex-wave-based diversity is equivalent to the combination of p n (t), meaning that the vortex-wave-based diversity is still a type of space diversity.
Although (22) is obtained for UCAA, vortex wave diversity based on the other continuous architecture of OAM generation is still a form of space diversity. It can be observed from (20)- (22) that the difference between vortex-wave-based diversity and conventional space diversity is that the combinations are performed on different levels. The former is performed on the level of s l (t), and the latter is performed on the level of p n (t).
IV. COMPARISION OF VORTEX-WAVE-BASED DIVERSITY AND CONVENTIONAL SPACE DIVERSITY
In practice, the diversity branches are usually not ideally independent of each other. If the gap between the neighboring units is sufficiently small in Fig. 4 , then p n (t) (0 ≤ n ≤ N − 1) are correlated with each other. Although p n (t) (0 ≤ n ≤ N − 1) are correlated with each other, s l (t) (0 ≤ l ≤ N − 1) can be independent of each other in rich scattering environment.
In the omnidirectional channel, the correlation of p n (t) (0 ≤ n ≤ N − 1) is rotationally symmetric, i.e.,
where mod() is the remainder after division by N , and ψ n is the phase of p n (t). Thus,
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I.e.,
Then, Eq. (26) can be rewritten as follows (27), as shown at the bottom of this page. Substituting (23)(24) into (27), the following can be obtained: When the vortex wave is generated by UCAA, vortexwave-based diversity can be treated as a special digital processing method for combination of the branches and can be regarded as a special multiple-antenna diversity.
When the vortex wave is generated by other methods with a continuous structure, it is completely different from the multiple-antenna diversity. In fact, according to vortex wave research [9] , one antenna can have multiple OAM modes. Therefore, even one vortex-wave antenna can be used in diversity and combining, which is different from conventional space diversity with multiple antennas.
For diversity, the output bit-error-rate (BER) of the combining is an important parameter. So the following examines the output BER of the Max-ratio-combining (MRC).
MRC can achieve the best result in the linear diversity when the branch signals p n (t) (0 ≤ n ≤ N − 1) are independent of each other [15] . For the signal on a given time t 0 , the output instantaneous signal-to-noise ratio (ISNR) of the MRC for p n (t 0 ) can be expressed as
where N 0 is the average noise power accompanying each p n (t 0 ). The output ISNR of the MRC of s l (t 0 ) can be expressed as
where N 0 is the average noise power accompanying each s l (t 0 ). According to (20), s l (t 0 ) can be regarded as the Fourier transformation of p n (t 0 ) in the l, n domains. And so does the noise. So, according to the Parseval's theorem, it can be obtained that
Thus,
Therefore, the output ISNR of the MRC is equal to each other for the vortex-wave-based diversity and the conventional space diversity. Thus, the output BER is equal to each other for them under an arbitrary modulation scheme.
V. NUMERICAL RESULTS
The correlation coefficients of |p 0 | and |p 1 |, |s 0 | and |s 1 | are computed. Different gaps between the neighboring antennas in the horizontal omnidirectional channel and different included angles of the two waves in the two-wave channel are considered. The output BERs are computed. Selection diversity (SC), equal-gain combining (EGC), and MRC are considered [17] . For comparison, the UCAA is used, as shown in Fig.5 and Fig.6 for N = 2 and N = 6 respectively. The channel is assumed to be flat. In the computation, the wavelength is 0.1 meters. The center of the UCAA shown in Figs.5-6 is located on the circle center shown in Fig. 2 . The radius of the circle in Fig. 2 is 50 meters. For the horizontal omnidirectional channel, a total of 1000 independent scatterers are uniformly distributed on the circle; for the two-wave channel, two independent scatterers are used. p n and s l are complex Gaussian random variables. Based on the randomizer of the scattered field by each scatterer, 10000 samples are obtained for random variables p n (0 ≤ n ≤ 5). Based on (20), 10000 samples are obtained for random variables s n (0 ≤ n ≤ 5). The correlation coefficient of |p 0 | and |p 1 | is computed as shown by the solid lines in Fig. 7 for N = 2 and the horizontal omnidirectional channel. So does the output BER of the conventional space diversity. The correlation coefficient of |s 0 | and |s 1 | is computed as shown by the dashed lines in Fig.7 for N = 2 and the horizontal omnidirectional channel. So does the output BER of the vortex-wave-based diversity. Fig.8 is for N = 2 and the two-wave channel. Fig.9 is for N = 6 and the horizontal omnidirectional channel. Fig.10 is for N = 6 and the two-wave channel. The average bit SNR E b /n 0 in each unit is 13dB. The unit of UCAA is dipole. The length of each dipole is 0.46 wavelengths, and the radius of each dipole is 0.0005 wavelengths. The method of moments (MOM) is used in the numerical computation. For the horizontal omnidirectional channel, it can be observed from Fig.7 and Fig.9 that the correlation coefficient VOLUME 6, 2018 of the signals received by two neighboring antennas is more than zero. However, the correlation coefficient of the signals received through two different OAM modes of 0 and 1 is approximately zero. Thus vortex-wave-based diversity can cause decorrelation. Nevertheless, the output BER of the MRC is equal to each other for the conventional space diversity and the vortex-wave-based diversity. This is consistent with the above analysis result.
For the two-wave channel, it can be observed from Fig.8 and Fig.10 that there is some difference of the correlation coefficients between the two kinds of diversity. The output BER of the MRC is equal to each other for the two kinds of diversity.
In Figs.7-10 , for SC and EGC, the combining output BERs of the two kinds of diversity are different from each other.
VI. CONCLUSIONS
The vortex wave is suitable for diversity in wireless communication in the rich scattering environment. The orthogonality of the OAM modes carried by the vortex wave can be translated into the independence of the signals received through different OAM modes. This approach avoids the range-limited shortcomings of the vortex wave for wireless communication in free space.
Vortex-wave-based diversity is a type of space diversity, in essence. Nevertheless, this ''space'' refers to the scatterer distribution in space and not the receiving antennas' distribution in space. The independent branches originate from the different components of the spatial azimuth-angle frequency of the scattered field and can be regarded as a special multiple receiving antennas system with a circular array and linear phase shifting only for the generating method by UCAA. Other continuous structure generating methods are completely different from multiple receiving antennas system. Compared with the conventional space diversity, vortexwave-based diversity can reduce the spatial correlation of the signals. Even one vortex-wave antenna with multiple OAM modes can be used in diversity and combining, which is the advantage of vortex-wave-based diversity.
When MRC is used, the output BER of the vortex-wavebased diversity is equal to that of the conventional space diversity.
Vortex-wave-based diversity offers an alternative way of diversity in the wireless communication system design. The vortex-wave-based diversity especially offers a new antenna design way for the diversity in the wireless communication.
